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SECTION I 
I NTRODUCT I ON 

This   s tudy   cons iders   the   deve lopment   o f  a d i g i t a l  4D automat ic  

c o n t r o l  law to  c a p t u r e  a s t e e p   g l i d e s l o p e ,   f l a r e  and land a CTOL a i r -  

c r a f t  under  low v i s i b i l i t y  and adverse   w ind   cond i t ions   us ing   the  

Microwave  Landing  System (MLS) under  development  by t h e  FAA [I], [ 2 ] ,  

The s tudy   o f   curved 4D f l i g h t   p a t h s   l e a d i n g   t o  a s teep  f ina l   approach 

under low v i s i b i l i t y   ( u p   t o  CAT I l l  C )  and adve rse   w ind   cond i t i ons   i s  

pa r t   o f   t he   Te rm ina l   Con f igu red   Veh ic le  (TCV) program  sponsored j o i n t l y  

by NASA and FAA C31. The g o a l s   o f   t h e  TCV p rog ram  i nc lude   t he   reduc t i on  

of a i r c r a f t   n o i s e   i n   a i r p o r t  communi t ies,   the  reduct ion of the   adverse  

e f f e c t s  of w e a t h e r   c o n d i t i o n s   o n   t h e   e f f i c i e n c y   o f   a i r c r a f t   o p e r a t i o n s  

i n   a i r   t e r m i n a l s ,   t h e   r e d u c t i o n   o f   f u e l   c o n s u m p t i o n ,  and t h e   e f f i c i e n t  

use   o f   a i r space   i n   conges ted   t e rm ina l   a reas   t h rough   the   use   o f   t he  

Microwave  Landing  System and t h e  development o f   techno logy .  

The m a j o r   e f f e c t   o f   t h e  use o f   s t e e p   g l i d e s l o p e s   i n   t h e   f i n a l  

l a n d i n g   i s   i n   t h e   a r e a   o f   n o i s e   r e d u c t i o n .   I n   c o m p a r i s o n   t o   t h e  

c u r r e n t l y  used 2.5O t o  3' ILS g l i des lopes ,  a 5O t o  6 O  g l ides lope  reduces  

the  no ise  leve l   on  the  ground due t o   d i f f e r e n c e s   i n   t h e   a l t i t u d e   p r o -  

f i l e s  and t h r u s t   l e v e l s .  A t  equal   d istances  f rom  the runway, t h e  

a l t i t u d e  of an a i r c r a f t  on a 6 O  g l i d e s l o p e   i s   a l m o s t   t w i c e   t h e   a l t i t u d e  

o f  an a i r c r a f t  on  a.3O  gl ideslope. Thus, i f  b o t h   a i r c r a f t  were t o  

genera te   the  same amount o f   no i se ,   t he   no i se   l eve l   pe rce i ved   on   t he  

ground wou I d be  reduced  due t o   t h e  2: I r a t   i o   i n   t h e  a I t  i tudes.  A 

f u r t h e r   r e d u c t i o n   i n   n o i s e   i s  due t o   t h e   f a c t   t h a t   t h e   a i r c r a f t  

f o l l o w i n g  a 6 O  g l i d e s l o p e   r e q u i r e s  a l ower   t h rus t   se t t i ng   t han   t he   one  

f o l   l o w i n g  a 3 O  g l i des lope .   Fo r  a Boeing 737 t h e   r e d u c t i o n   i n   t h e   t h r u s t  

l e v e l s  i s  o f   t h e   o r d e r   o f  2:l. Thus, f o r  a s teep   g l i des lope   l ess  

eng ine   no ise   i s   genera ted .  

The r e d u c t i o n   i n   t h r u s t   l e v e l   a s s o c i  

a lso   reduces   the   fue l   consumpt ion   dur ing  

a b i   l i t y   t o   f l y   g l   i d e s l o p e   o f   v a r y i n g   a n g l  

t o   a v o i d   t h e   v o r t e x   g e n e r a t e d  by I a r g e   a i  

a i r c r a f t   t o   f l y   d i f f e r e n t   g l i d e s l o p e s   t o  

a ted   w i th   s teep   g l i des lopes  

the   f i na l   app roach .  The 

es may a l s o   p r o v i d e  a method 

r c r a f t ,  by a l l o w i n g   s m a l l e r  

r e d u c e   t h e   l i k e l i h o o d   o f  such 



e n c o u n t e r s .   I n   g e n e r a l ,   t h e   a b i l i t y   t o   f l y   s t e e p   g l i d e s l o p e s   p r o v i d e s  

a v e r s a t i l i t y   t h a t   c a n  be u s e f u l   i n   e f f i c i e n t   u s e   o f   a i r s p a c e   i n   t h e  

term i na I area. 

The guidance  informat ion  necessary t o   f l y   s t e e p   g l i d e s l o p e s   u n d e r  

low v i s i b i l i t y   c o n d i t i o n s   i s   p r o v i d e d  by the  Microwave  Landing  System 

(MLS). The MLS i s  a ground-based  gu idance  system  prov id ing  pos i t ion 

i n f o r m a t i o n  t o  a i r c r a f t   w h i c h   a r e   i n s i d e   i t s   v o l u m e t r i c   c o v e r a g e   a t  

d i s c r e t e   i n t e r v a l s   o f   t i m e .  Thus, a i r c r a f t  have   accu ra te   pos i t i on   i n -  

f o r m a t i o n   t o   f l y   g l i d e s l o p e s   o f   v a r y i n g   a n g l e s ,  and fo l l ow   cu rved  4D 

p a t h s   t o   l a n d i n g   w i t h i n   t h e  MLS coverage  under low v i s i b i l i t y   c o n d i t i o n s .  

The MLS c o n s i s t s   o f  a DME p rov id ing   range   i n fo rma t ion ,  an azimuth 

an tenna  co- loca ted   w i th   the  DME p r o v i d i n g   t h e   a i r c r a f t ' s   a z i m u t h   a n g l e  

r e l a t i v e   t o   t h e  runway,  and  an e l e v a t i o n   a n t e n n a   l o c a t e d   a t   t h e   g l i d e -  

p a t h   i n t e r c e p t   p o i n t  (GPIP) b u t   o f f s e t   t o   t h e   s i d e   o f   t h e  runway pro- 

v i d i n g   t h e   a i r c r a f t   w i t h   i t s   e l e v a t i o n   a n g l e   r e l a t i v e   t o   t h e   l o c a l  

hor izon.  The azimuth  antenna  provides  coverage up t o  + 60°, t he   e leva -  

t i o n   c o v e r a g e   i s  up t o  20'. A second e leva t ion   an tenna  loca ted   fu r ther  

down t h e  runway i s  a l s o  u n d e r   c o n s i d e r a t i o n   f o r   f l a r e   g u i d a n c e .  Thus, 

t h e  MLS p r o v i d e s   p o s i t i o n   i n f o r m a t i o n   w i t h  a h igh   accu racy   i n  a volumet- 

r i c  coverage,  wi th low s e n s i t i v i t y   t o   a d v e r s e   w e a t h e r   c o n d i t i o n s .  

- 

I n   t h i s   s t u d y ,  a l ong i tud ina l   gu idance  and c o n t r o l  law us ing  MLS 

data  and  body-mounted  accelerometers i s  deve loped  fo r   the   f ina l   approach 

phases f r o m   g l i d e s l o p e   c a p t u r e   t o  touchdown. 

I n   S e c t i o n  1 1 ,  t h e   a i r c r a f t   e q u a t i o n s   o f   m o t i o n  and the  wind model 

are  descr ibed.  A mathematical model d e s c r i b i n g   t h e   p e r t u r b a t i o n s   o f  

t h e   a i r c r a f t   f r o m  a 6' g l i d e s l o p e   i s   o b t a i n e d   f o r   t h e   l o n g i t u d i n a l  

a x i s ;   t h e   f i r s t   o r d e r   e f f e c t s   o f   l a g s   i n   t h e   e f f e c t s   o f   w i n d s   o n   t h e  

m o t i o n   o f   t h e   a i r c r a f t  and t h r u s t   b u i l d - u p   a r e   i n c l u d e d   i n   t h i s  model. 

Using  the  Dryden  spectra,  a dynamic  model o f   gus ts   i s   deve loped ;   t hese  

steady  winds and wind  shear  models  are  combined t o   o b t a i n  a t o t a l  wind 

model.  These  mathematical  models  are  used i n   s i m u l a t i n g   t h e   a i r c r a f t ' s  

mot ion   under   var ious   w ind   cond i t ions .   In   Sec t ion  I l l ,  t h e   d e s i r e d  

f l i g h t   p a t h   i s   d e s c r i b e d  and fo rmu la ted   i n  a f o r m   s u i t a b l e  to  t h e  

2 



development o f   t h e   d i g i t a l   c o n t r o l  law. I n   S e c t i o n  I V ,  t h e  development 

o f   t h e   d i g i t a l   c o n t r o l  law i s   d e s c r i b e d .  The c o n t r o l  law c o n s i s t s   o f  

a f i l t e r   e s t i m a t i n g   e r r o r   p a r a m e t e r s  and  wind v e l o c i t i e s   w h i c h   a r e  used 

as  feedback t o  compute c o n t r o l  commands. Sec t i on  V desc r ibes   t he  

resu l t s   ob ta ined   f rom a d i g i t a l   s i m u l a t i o n   o f   t h e   a i r c r a f t   u s i n g   t h e  

guidance  and  cont ro l  law  developed. 

3 



I I .  AIRCRAFT  DYNAMICS  AND  WIND  MODELING 

The a i r c r a f t   e q u a t i o n s  of  m o t i o n   a r e   u s e d   i n   s i m u l a t i n g   a i r c r a f t ' s  

f l i g h t  and i n   t h e  development  and  analysis of  t h e   c o n t r o l  law. S i m i l a r l y ,  

the  wind model i s  used i n   g e n e r a t i n g   v a r i o u s   t u r b u l e n c e   l e v e l s  and t h e  

development o f  t h e   f i l t e r i n g   e q u a t i o n s .   T o   o b t a i n  a su i tab le   mathemat ica l  

model o f   t h e   a i r c r a f t  dynamics  and t h e   e f f e c t s  o f  va r ious   w ind   cond i t i ons  

on   t he   mo t ion  of  t h e   a i r c r a f t ,   t h e   g e n e r a l   e q u a t i o n s  o f  mot ion  can  be 

l i n e a r i z e d   a b o u t  a s t e e p   g l i d e s l o p e   a t   a n   a i r s p e e d   o f  120 k n o t s   w i t h  

f u l l y   e x t e n d e d   f l a p s  and landing  gear  down. Thus, a l inear   mathemat ica l  

model d e s c r i b i n g   t h e   p e r t u r b a t i o n s  of t h e   a i r c r a f t   m o t i o n   f r o m   t h e  

s t e a d y   f l i g h t   c o n d i t i o n  of  g l i d e s l o p e   t r a c k i n g  is ob ta ined .   Th i s  model 

can  then be used t o   s i m u l a t e   t h e   a i r c r a f t ' s   m o t i o n  and f o r   a n a l y s i s .  

I n   t he   genera l   pe r tu rba t i on   equa t ions   (e .q .  141, pp. 2.331, t h e  

a i r c r a f t ' s   l a t e r a l  and v e r t i c a l   m o t i o n s   a r e   c o u p l e d .   T h i s   c o u p l i n g   i s  

mainly  due t o  a non-zero r o l l  angle.  As the  phases o f  f l i g h t   c o n s i d e r e d  

a r e   g l i d e s l o p e   c a p t u r e ,   g l i d e s l o p e   t r a c k i n g  and f l a r e   ( a s  shown i n  

F igu re  I ) ,  t h e   r o l l   a n g l e   i s   s m a l l ,  and  can  be  expressed  as a p e r t u r -  

b a t i o n  f rom a steady  va I ue of zero. I n t h i s  case, t h e   l a t e r a  I and 

ve r t i ca l   mo t ions   a re   decoup led .  Thus, t h e   l o n g i t u d i n a l   e q u a t i o n s  of  

mot ion  can be  used t o  s i m u l a t e   t h e   a i r c r a f t ' s   m o t i o n   i n   t h e   v e r t i c a l  

p lane.   The  longi tud ina l   equat ions  can  then be expressed i n   t h e   s t a b i l i t y  

axes  as 

m ( w  - U q )  = - mg s i n  y e + f A  + fT 
0 0 

Z Z 

I q = m  
Y Y  A + "T 

where 

uO 
- s t e a d y   i n e r t i a l  speed i n   t h e  x d i r e c t i o n  

S 

4 



yo - g l   i d e s l o p e   a n g l e  

8 - p e r t u r b a t i o n   i n   p i t c h   a n g l e  

q - p i t c h   r a t e  

f A  - per tu rba t i on   i n   ne t   ae rodynamic   f o rce   a long   t he  x d i r e c t i o n  
X 

S 

f A  - per tu rba t i on   i n   ne t   ae rodynamic   f o rce   a long   t he  zs d i r e c t i o n  
Z 

f - p e r t u r b a t i o n   i n   t h r u s t   a l o n g   t h e   x s   d i r e c t i o n  
TX 

f - p e r t u r b a t i o n   i n   t h r u s t   a l o n g   t h e  z x  d i r e c t i o n  
TZ 

m - p e r t u r b a t i o n   i n   p i t c h i n g  moment due t o  aerodynamic  forces A 

- p e r t u r b a t i o n   i n   p i t c h i n g  moment due t o   t h r u s t  

I - moment o f   i n e r t i a   a b o u t  The  y a x i s  
YY S 

m - a i r c r a f t  mass 

u - p e r t u r b a t i o n   i n   i n e r t i a l  speed a long   t he  X d i r e c t i o n  

W - i n e r t i a l  speed a l o n g   t h e  zs  d i r e c t i o n  

Ma in l y ,   t h ree   se ts   o f   coo rd ina te   axes   a re  used i n   t h i s   s t u d y :   t h e  

S 

e a r t h   f i x e d   a x e s ,   t h e  body  axes,  and t h e   s t a b i l i t y  axes. The e a r t h - f i x e d  

cco rd  i na t e  t rame ( Xe, ye, ze) has i t s  o r i g i n   f i x e d   a t   t h e   g l i d e p a t h  

i n t e r c e p t   p o i n t  (GPIP) on  the  runway. The  x ax.is i s   a l o n g   t h e  runway 

c e n t e r l i n e ,   t h e   d i r e c t i o n   i n   w h i c h   t h e   a i r c r a f t   l a n d s   b e i n g   c h o s e n  

p o s i t i v e   v e l o c i t y   a l o n g  x . The z a x i s   i s   t h e   l o c a l   v e r t i c a l   p o s i t i v e  

downwards; i s   p e r p e n d i c u l a r   t o   b o t h  x  and  z w i t h   i t s   p o s i t i v e  end 

d i r e c t e d  so a s   t o  make the   coord ina te   f rame  r igh t -handed.  The e a r t h   i s  

assumed t o  be s t a t i o n a r y   w i t h   r e s p e c t   t o   i n e r t i a l  space; so t h a t   t h e  

ear th - f i xed   axes   fo rm an i n e r t i a l  frame. 

e 

e e 

Ye e e' 

The  body  axes  (xb,  yb, z b )  and t h e   s t a b i  I i t y  axes  (xs, y,, z s )  a r e  

f i x e d   t o   t h e  body o f   t h e   a i r c r a f t ;   i . e .   t h e y   a r e   b o d y - f i x e d  axes.  The 

o r i g i n   o f   b o t h   a x e s  i s f i x e d   a t   t h e  a i r c r a f t   c e n t e r   o f  mass.  The  x a x i s  b 

5 



i s   a l o n g   t h e   f u s e l a g e   r e f e r e n c e   l i n e   o f   t h e   a i r c r a f t ,   p o s i t i v e   t o w a r d s  

t h e  nose, t h e   y b   a x i s   i s   p o s i t i v e   t o w a r d s   t h e   ' t i p   o f   t h e   r i g h t  wing;  the 

z a x i s   i s   p e r p e n d i c u l a r   t o   b o t h   x b  and yb and i s   p o s i t i v e  downwards  (when 

t h e   a i r c r a f t   p i t c h   a n g l e   i s   z e r o ) .  The s t a b i l i t y  axes  (xs,  ys, zs) a r e  

obta i ned f rom  the  body  axes  by a r o t a t i o n   o f  ao, t h e   s t e a d y   s t a t e  ang I e o f  

a t tack ,   about   the  y ax i s .   Th ree   se ts   o f   coo rd ina te   f rames   a re  shown i n  

F igu re  2. 

b 

b 

I n   equa t ion  ( I ) ,  t h e   t e r m  f A  r e p r e s e n t s   t h e   t o t a l   a l g e b r a i c  

change i n   t h e   v a l u e   o f   t h e  aerodynamic  force  a long  the x a x i s  due t o  

changes  f rom  steady  state va l l l e s   i n   t h e  va I ues o f   t h e  aerodynamic  and 

X 
S 

c o n t r o l   v a r i a b l e s ;   t h e   t e r m s  f , fT  , f A  , m A  and mT a r e   d e f i n e d  
z x 

s i m i l a r l y   a s   t h e  changes i n   t h e   a p p r o p r i a t e   f o r c e s   o r  moments f r o m   t h e i r  

s teady   va lues   on   the   g l ides lope.  These terms  can be  expressed i n   t e r m s  

o f   t h e   a i r c r a f t   s t a b i l i t y   d e r i v a t i v e s ,   t h e  moments o f   i n e r t i a  and t h e  

pe r tu rba t i ons   i n   t he   ae rodynamic  and c o n t r o l   v a r i a b l e s .   S u b s t i t u t i n g  

t h e s e   e x p r e s s i o n s   f o r   t h e   f o r c e  and moments i n t o   e q u a t i o n  ( I  1 t h e   a i r -  

c r a f t   e q u a t i o n s   o f   m o t i o n   c a n  be  expressed  as  given  below. 

m; = - mg cosy 0 e + 4, s CC-C, + 2cDo + cT 
+ 2 5  ) x' 

- U! xu ' x0 - 

where 

6 
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- a = a + a  w ’  

- 4 = 4 + 4 ,  , 

(3b)  

(3c)  

uw’ w’ a and  q a r e   t h e  components  due t o  wind, i s   t h e   s t e a d y  
W 0 

v a l u e   o f   t h e  dynamic  pressure, S i s   t h e   e f f e c t i v e   w i n g   a r e a ,  be, 6s 

and 6T a r e   t h e   p e r t u r b a t i o n s  o f  e l e v a t o r ,   s t a b i l i z e r  and t h r u s t ,  

r e s p e c t i v e l y .  

Equat ion ( 2 )  d e s c r i b e s   t h e   l i n e a r  and a n g u l a r   v e l o c i t i e s  of t h e  

a i r c r a f t .  The p o s i t i o n   o f   t h e   a i r c r a f t  can  be  obtained  by  integrat ing 

t h e   i n e r t i a l   v e l o c i t y  components over   t ime.  Thus, t h e  4D e r r o r   i n  

p o s i t i o n   ( i . e . ,   t h e   a c t u a l   p o s i t i o n   r e l a t i v e   t o   t h e   d e s i r e d   p o s i t i o n   a t  

a g iven   t ime)   can  be l i n e a r i z e d  and expressed i n   t h e   f o l l o w i n g   f o r m :  

& Z  
. .  
7 -  

0 ~0 = - cosy 0 - s i n y  U T  + COSY X 
0 0 0 

(4b) 

where x (t) and z (t) a r e   t h e  x and z c o o r d i n a t e s   o f   t h e   d e s i r e d  
0 0 e  e 

a i r c r a f t   p o s i t i o n  on   t he   g l i des lope .  The d e s i r e d   g l i d e s l o p e   p o s i t i o n  

i n   t h i s  case was t a k e n   t o  be t h e   p o s i t i o n  o f  t h e   a i r c r a f t   g o i n g  down 

a 6’ g l i d e s l o p e  a t  120 k n o t s   i n e r t i a l  speed. 

T h e . e f f e c t s  o f  the  servo  responses  o f   the  actuafors   were  modeled by 

f i r s t  and  second o r d e r  systems.  Thus, t h e   t h r u s t  and s t a b i l i z e r  models 

a r e  

6T = - .5 6T + .298 6th, , (5a)  

(5b) 6 t h  = u3 , 

6s = u2 ; (5c)  
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where 6T i s   t h e   t h r u s t   p e r t u r b a t i o n   i n   t h o u s a n d s   o f  pounds, 6 t h   i s   t h e  

t h r o t t l e   p o s i t i o n   p e r t u r b a t i o n   i n   d e g r e e s  and 6s i s   t h e   s t a b i l i z e r  

p o s i t i o n   p e r t u r b a t i o n   i n   r a d i a n s .  As t h e   l a g s   i n   e l e v a t o r   a c t i o n   a r e  

smal I, the   e leva tor   t ime  cons tan ts   were   neg lec ted .  The a i r c r a f t  

equat ions   o f   mot ion  ( 2 ) ,  t h e   p o s i t i o n   e q u a t i o n s  ( 4 )  and t h e   a c t u a t o r  

equat ions ( 5 )  can be combined  and a f t e r  some man ipu la t ion   expressed  in  

s t a t e   v a r i a b l e   f o r m   a s  shown i n   e q u a t i o n  ( 6 ) .  

x - x  z - z  

uo X '  = ( e  U! a q r  - 6T 6 t h  6 s ) ,  0 

where A, 8 and D a r e   m a t r i c e s   o f   a p p r o p r i a t e   s i z e ,   c o r r e s p o n d i n g   t o   t h e  

c o e f f i c i e n t s   i n   e q u a t i o n s  ( 2 ) ,  ( 4 )  and ( 5 ) .  These  matr ices  are  g iven 

i n  t e r m s   o f   t h e   a i r c r a f t   s t a b i l i t y   d e r i v a t i v e s   i n   t h e  Appendix.  For 

a more d e t a i  I ed d e r i v a t i o n   o f   t h e  models  given  here  see C51. Thus, 

t h e   a i r c r a f t   e q u a t i o n s   o f   m o t i o n  and t h e  40 e r r o r   e q u a t i o n s   f o r   s i n k  

r a t e  and ground  speed  have  been  modeled i n   s t a t e   v a r i a b l e   f o r m   a s  shown 

i n   e q u a t i o n  ( 6 ) .  

The wind model c o n t a i n s   t h e  components o f   s teady   w ind   ve loc i t i es ,  

t u rbu lence  and shear  winds i n   t h e   l o n g i t u d i n a l   a x i s .  The tu rbu lence  

model  uses t h e  Dryden  spectra [6] f o r   t h e   v a r i o u s  components  varying 

w i t h   a l t i t u d e .  The tu rbu lence  model  has t h r e e  components: U' i n   t h e  

xb d i r e c t i o n ,  a i n   t h e   z b   d i r e c t i o n  and q which  models t h e   e f f e c t s  

o f  t u r b u l e n c e   o n   t h e   p i t c h   r a t e   o f   t h e   a i r c r a f t .  These  components a r e  

mode led   us ing   the   fo l low ing   spec t ra .  

9 
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where b i s   t h e   w i n g  span, L and L a r e   t h e   s c a l e s   o f   t u r b u l e n c e ,  Va i s  

the   a i rspeed,  and 51 i s   t h e   s p a t i a l   f r e q u e n c y   r e l a t e d   t o   t h e   t e m p o r a l  

frequency w by 

U W 

The u1  component i s  independent of a and q however, a and q a r e  

c o r r e l a t e d   w i t h   t h e i r   c r o s s   s p e c t r a l   d e n s i t y   b e i n g  
9  9 g' 9  9 

s q a  ( w )  = - Sa(W) . 
I + j -  aVa 

The above  spectra  can be fac to red   us ing   spec t ra  I f a c t o r i z a t i o n  

methods t o   o b t a i n  a l i n e a r  system  dr iven by whi te   no ise  which  generates 

an   ou tpu t   hav ing   t he   above   spec t ra l   cha rac te r i s t i cs  [7], [ 8 ] .  Thus, 

t h e   f o l l o w i n g   t r a n s f e r   f u n c t i o n s   a r e   o b t a i n e d   t o   g e n e r a t e   u I g ,   a g  and q . 
9 

G ( s )  = I 

I t - s  
U Lu , 

Va 

I + e - s  LW 
G ( S )  = Va , 

a L L 
I + 2 - W s + ( - 3 2  s2 

Va  Va 

G ( S I  = S 

9 4b s 
9 

I f- ava 

( I OC) 

where a i s   t h e   i n p u t  t o  the  system G ( 5 )  t o  o b t a i n  q w i t h   t h e  

spec i f ied   spec t rum and c ross -spec t ra l   dens i t y .   F igu re  3 shows  a b l o c k  

d iagram  of   the  system  generat ing  the  turbulence  components.  

9  9  9 
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The steady and shear  wind i n   t h e   l o n g i t u d i n a l   d i r e c t i o n  was 

modeled  by 

a =W4 . 
S 

( I  I b )  

Thus, t o   s i m u l a t e  a spec i f i ed   shear   p ro f  i l e   f o r  if w i t h  
S’ 

a p p r o p r i a t e   i n i t i a l   c o n d i t i o n s ;  e.g., t o   o b t a i n  a l i n e a r   p r o f i l e  

u t s   c h a n g i n g   a t  a r a t e   o f   u ’   t h e   i n i t i a l   c o n d i t i o n   f o r   u f s h   i s  

s e t  t o  u fsho  and W 3  i s   s e t  equal t o  z e r o ;   a l t e r n a t e l y ,  an impu lse   i n  

W3 wi l l  a l s o   a c h i e v e   t h e  same p r o f i l e .  

sho’ 

The t r a n s f e r   f u n c t i o n s   o b t a i n e d   f o r   t h e   w i n d  model can   equ iva len t l y  

be  expressed  as d i f f e r e n t i a l   e q u a t i o n s   i n   s t a t e   v a r i a b l e   f o r m   a s  shown 

i n  (12) ;  t h e   m a t r i c e s  AW, B and C a re   g i ven   i n   t he   Append ix .  w W 

W = A W W + € i w < , w = C  W W 

where w i s   g i v e n  by equat ion   (6b) .  
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I I I . FLIGHT PATH MODEL1 NG 

I n   t h i s   s e c t i o n ,   t h e   d e s i r e d   f l i g h t   p a t h   f o r   t h e   a i r c r a f t  w i l  I be 

modeled  as a v e c t o r   d i f f e r e n t i a l   e q u a t i o n .   I n   S e c t i o n  IV, t h e   s o l u t i o n  

t o   t h e   o p t i m a l   c o n t r o l   p r o b l e m   o f   f o l l o w i n g  a f l i g h t   p a t h   s p e c i f i e d   i n  

s t a t e   v a r i a b l e  form will be presented. The f l i g h t   p a t h   o f   i n t e r e s t  

h e r e   c o n s i s t s   o f  a s t e e p   g l i d e s l o p e  and f l a r e .   F i r s t   c o n s i d e r   t h e  

f l i g h t   p a t h   d e s c r i b i n g   t h e   g l i d e s l o p e ,   w h i c h  w i l l  be c a l l e d   t h e   r e f e r e n c e  

f l i g h t   p a t h   a s   t h e   e q u a t i o n s   o f   m o t i o n   o b t a i n e d   i n   t h e   p r e c e e d i n g  

s e c t i o n   a r e   l i n e a r i z e d   a b o u t   t h i s   f l i g h t   c o n d i t i o n .   L e t  Zr be a vec to r  

where Z r e p r e s e n t s   t h e   p i t c h  ang I e, Z t h e  speed i n   t h e  xg  d i r e c t i o n ,  

Z t h e  speed i n   t h e  z s  d i r e c t i o n ,  Z t h e   p i t c h   r a t e ,  Z and Z t h e  
‘3 -.  r 4  ‘5 ‘6 

x and z components of  t h e   a i r c r a f t   p o s i t i o n   r e s p e c t i v e l y ,  Z t h e  e  e r 7  
t h r u s t   f o r c e ,  Z t h e   t h r o t t l e   p o s i t i o n ,  and Z t h e   s t a b i l i z e r  

r 0  ‘9 
p o s i t i o n .  Then, t h e   r e f e r e n c e   g l i d e s l o p e   f l i g h t   p a t h   c a n  be descr ibed 

by t h e   f o l l o w i n g   s e t  of d i f f e r e n t i a l   e q u a t i o n s .  

r l  r 2  

i = o  
r 2  

i = o  
‘3 

i = o  
r 4  

i =-u  s i n y  z + cosyo zr2 + s i n y o  z + 5 
r 5  0 0 r l  ‘3 1 5  

i = o  
r 7  

i = o  
r 9  

where 5 = Uo Oosi ny, , = u 0 cosy 
“5 S6 0 0  0 

(14)  
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0 i s   t h e   s t e a d y   s t a t e   p i t c h   a n g l e ,  and t h e   i n i t i a l   c o n d i t i o n s   a r e  

g i ven  by 
0 

Thus, t he   g l i depa th   cond i t i on   can   be   desc r ibed  by the   equa t ion  

where t h e   m a t r i x  - A c o r r e s p o n d s   t o   t h e   c o e f f i c i e n t s   i n   e q u a t i o n  ( 1 3 ) .  

The d e s i r e d   f l i g h t   p a t h   c a n   a l s o  be descr ibed by  an e q u a t i o n   s i m i l a r   t o  

equat ion ( 16). 

i5 = - u s i n y o  Z, + cosyo 22  + s i n y  23 + 2 5  
0 0 

i6 = - u cosyo Z, - s i n y  Z, + cosy 23 + 2 6  
0 0 0 

27 = 27 

12 
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To d e f i n e   t h e   d e s i r e d   f l i g h t   p a t h   c o m p l e t e l y ,  5 must be s p e c i f i e d .  
"i 

Thus, l e t  x and  zd  be t h e   d e s i r e d   p o s i t i o n   c o o r d i n a t e s   i n   t h e   e a r t h -  

f i x e d   c o o r d  i nate  f rame,   then  set t ing 
d 

would r e s u l t   i n  

w h i l e  22  and 23 would  correspond t o   t h e   d e s i r e d   v e l o c i t y  components i n   t h e  

s t a b i l i t y  axes.   Note  that  51, 54, 9 ,  5 8  and 59 should be  chosen 

a p p r o p r i a t e l y ,  so as t o   a i d   i n   t h e  per fo rmance  o f   fo l low ing   the   des i red  

f l i g h t   p a t h ;   t h e s e   a r e   s p e c i f i e d   w i t h  due c o n s i d e r a t i o n   t o   t h e   a e r o -  

dynamic c h a r a c t e r i s t i c s   o f   t h e   a i r c r a f t .  Thus, t h e   d e s i r e d   f l i g h t  

pa th   can   a lso  be expressed in   t he   f o rm  o f   equa t ion  ( 1 6 ) .  

Subtra.c t i  ng t h e   r e f e r e n c e  f I i gh t   pa th  Zr f rom  the  des i   red f I i g h t  

path Z, we o b t a i n   t h e   d e v i a t i o n s   o f   t h e   d e s i r e d   f l i g h t   p a t h   f r o m   t h e  

r e f e r e n c e   g l i d e p a t h .   F u r t h e r ,   n o r m a l i z i n g   t h e   v e l o c i t y  components 

Z2 - Z 23 - Z , and t h e   p o s i t i o n  components Z g  - Z , 26 - Z by 

the  nominal  speed U o f   t h e   a i r c r a f t ,  we form a normal ized  vector,   say z ,  

d e s c r i b i n g   t h e   d e s i r e d   f l i g h t   p a t h   r e l a t i v e   t o   t h e   r e f e r e n c e   f l i g h t  

path.   Using (13) - (191, z can  be  expressed  as 

r 2 '  '3 r 5  r6  

0 

where 

z = A Z z + S  , (20) 
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*Z = 

c 

0 

0 

0 

0 

- s i  ny 

-cosy 
0 

0 
0 

0 

0 - 

0 0 

0 0 

0 0 

0 0 

cosy s i  ny 

-s iny   cosy  

0 0 

0 0 

0 0 

0 0 

0 0 

1 0 0 0 0 0  

0 0 0 0 0 0  

0 0 0 0 0 0  

0 0 0 0 0 0  

0 0 0 0 0 0  

0 0 0 0 0 0  

0 0 0 0 0 0  

0 0 0 0 0 0  

0 0 0 0 0 0  

.. 

.. .. 
X d 

2 

53 = 17- s in (Y  + zl) + - cos(y  + zl) + ( I + z2)  z4 d 
0 

0 " 0  
0 

X d 
Z 

c5 = ,,- ( I  - c o s z l )  + s i n z l  + s inyo   z1  d 

0 0 

Since   t he   a i r c ra f t   dynamics   equa t ions  ( 6 )  are  expressed  as 

d e v i a t i o n s   f r o m   t h e   r e f e r e n c e   g l i d e p a t h ,  z desc r ibes   t he   des i red   t ra jec -  

t o r y   v a l u e s  f o r  t h e   v e c t o r  x i n   e q u a t i o n  ( 6 ) .  Thus, i n   t h e   f o l l o w i n g  we 

s h a l l   c a l l  z t h e   d e s i r e d   f l i g h t   p a t h .  Now, t o   d e f i n e   t h e   d e s i r e d  

f I i g h t   p a t h  i, i t  i s  necessary t o  s p e c i f y  5, hence xd ,  xd,  zd and  zd. 

When t h e   a i r c r a f t   i s   f o l l o w i n g   t h e   g l i d e s l o p e ,   t h e   d e s i r e d  

. .. . 

d e v i a t i o n   f r o m   t h e   r e f e r e n c e   f l i g h t   p a t h   i s   z e r o .  Thus,  an i n i t i a l  

c o n d i t i o n  of  z e r o   f o r   a l l   t h e  components of  z and s e t t i n g  5 equal t o  

z e r o   i n   e q u a t i o n  (20) g e n e r a t e s   t h e   g l i d e s l o p e   a s   t h e   d e s i r e d   f l i g h t  

p a t h .   D u r i n g   f l a r e ,   t h e   d e s i r e d   f l i g h t   p a t h   d i f f e r s   f r o m   t h e   g l i d e s l o p e ;  

14 



During  this  portion  of  the  flight z will thus  be  different  than  zero. 
The  flare  flight  path  was  determined by a consfant  deceleration in the 
vertical  and  longitudinal  directions.  Thus,  the  desired  flare  path 
starts  with a specified  sink  rate  (i.e.  the  glideslope  sink  rate), 
and a specified  ground  speed and using  constant  decelerations 
and xd  decelerates  to  speci f i ed speeds and ?df at a speci f i ed  poi  nt 
Zdf and Xdf and then  maintains  its  speed  till  touchdown.  With  the  above 
constraints, it  is  possible  to  determine  the  unspecified  variables  to 
obtain  the  following  relations 

dg 

.. dg' d 
df 

.. z - z  
d d 

2 - 2  

df dg ;; 

dg df 

z =  

.^  .^ .. XZ - x z  
I dg df 

df dg 

j< = -  
2 ,  - x  

Z df x = x  + - x  
df td df 

Ldf 

z 
x =  dg 
dg -tany ? 

0 

'dq df + z  
= A ,  - . 

( 23a 1 

(23b) 

(23d) 

X + xdf tany 
dg 0 
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Thus, s p e c i f y i n g   t h e   d e s i r e d   v e l o c i t y   a t  

2 z I J  t h e   d e s i r e d   v e l o c i t y   a t   t h e  end o f  f 

t h e   d e s i r e d  touchdown p o i n t   ( i . e .  xtd) t h e  rema 

determined  using  equat ion ( 2 3 ) .  The instaneous 

d u r i n g   f l a r e  can  be  computed us ing  

dg' dg 

where t i s   t h e   t i m e   a t   w h i c h   f l a r e   i s   i n i t i a t e d .  
9 

t h e   s t a r t   o f   f l a r e   ( i . e .  

l a r e  ( i  .e. - zdf 1 and 

in ing   va r iab les   can  be 

v e l o c i t y  components 

d y n a m i c s   o f   t h e   a i r c r a f t   r e q u i r e d   t o   f o l l o w   t h e   d e s i r e d   f l i g h t  pa 

Thus, t h e   a p p r o a c h   t a k e n   h e r e   a l l o w s   t h e   d e s i r e d   f l i g h t   p a t h  

be s p e c i f i e d   i n  a s imple manner  by c h o o s i n g   t h e   v e l o c i t y  and acce 

r a t i o n   a s s o c i a t e d   w i t h  a g iven  path.  The d e s i r e d   f l i g h t   p a t h  was 

sc r ibed  by a s e t  of  d i f f e r e n t i a l   e q u a t i o n s   i n   s t a t e   v a r i a b l e  form 

Using  equat ion (23 )  and  (241, Gd, ;d, Yd and zd  can be computed, 
.. 

then  these  va lues   a re   used  to   compute   ins tan taneous  va lues   fo r  5 i n  

equat ion (22 )  w h i c h   g e n e r a t e s   t h e   d e s i r e d   f l i g h t   p a t h  z g i ven  by 

equat ion ( 2 0 ) .  The d e s i r e d   p i t c h   d u r i n g   f l a r e  was generated by  a 

c o n s t a n t   p i t c h   r a t e   u n t i l   t h e   d e s i r e d   p i t c h   a n g l e   r e a c h e d  a s p e c i f i e d  

va lue  8 The t h r u s t ,   t h r o t t l e  and s t a b i l i z e r   p o s i t i o n s  were s e t   t o  

t h e i r   v a l u e s   o n   t h e   g l i d e s l o p e ;  however, t h e   t h r o t t l e  and s t a b i l i z e r  

components  were not  weighed i n   t h e   c o s t   f u n c t i o n ,   t h u s   a l l o w i n g  

dev ia t ions   f rom  the i r   des i red   va lues   w i thout   any   assoc ia ted   pena l ty .  

T h i s   a l l o w e d   t h e   u s e   o f   t h r o t t l e  and s t a b i l i z e r   t o  be determined by t h e  

f '  

t h .  

t o  

I e- 

de- 

as 

g i v e n   i n   e q u a t i o n  (20) .  Thus, the   va lues   genera ted  by equa t ion  (20) 
f o r   t h e   s t a t e   v e c t o r  z a r e   t h e   v a l u e s   t h a t   t h e   a i r c r a f t   d y n a m i c s   s t a t e  

vec to r   shou ld   i dea l l y  have. Hence, t h e   d i f f e r e n c e  between t h e   a c t u a l  

a i r c r a f t   s t a t e  and t h e   d e s i r e d   s t a t e ,  i .e. x - z, d e s c r i b e s   t h e   e r r o r   o r  

t h e   d e v i a t i o n s   f r o m   t h e   d e s i r e d   f l i g h t   p a t h ,   t h e   g o a l   o f   c o n t r o l l i n g   t h e  

a i r c r a f t   b e i n g   t o  keep these  dev ia t ions   as   smal l   as   poss ib le .  



I V. DEVELOPMENT OF F I LTER AND CONTROL  LAW 

I n   t h e   p r e v i o u s   s e c t i o n s ,   t h e   a i r c r a f t ' s   l o n g i t u d i n a l   m o t i o n  was 

modeled  by  equation ( 6 )  i nc lud ing   t he   response  t o  c o n t r o l   s u r f a c e  and 

t h r u s t  changes  under  var ious  wind  condi t ions.  The wind  condEtions 

were  modeled  by  steady  winds, random gus ts  and shear i n   e q u a t i o n  (121.. 

I n   t h e   l a s t   s e c t i o n ,   t h e   d e s i r e d   f l i g h t   p a t h   d u r i n g   g l i d e s l o p e   t r a c k i n g  

and f l a r e  was expressed by e q u a t i o n   ( 2 0 ) .   I n   t h i s   s e c t i o n ,   t h e s e  

models  are  combined t o  develop a c o n t r o l  law t o  follow t h e   d e s i r e d  

f l i g h t   p a t h ;   i . e .   t o   c a p t u r e  a s t e e p   g l i d e s l o p e ,   f o l l o w   t h e   g l i d e s l o p e  

u n t i l   f l a r e   a l t i t u d e  and f o l l o w   t h e   f l a r e   p a t h   t o  touchdown  under 

v a r i o u s   w i n d   c o n d i t i o n s   i n c l u d i n g   g u s t s  and shear  winds, u t i l i z i n g  MLS 

data and  body-mounted accelerometer  data.  

The c o n t r o l  law i s  developed by imbedding the   p rob lem of f o l l o w i n g  

a s p e c i f i e d   f l i g h t   p a t h   i n t o  a q u a d r a t i c   r e g u l a t o r   w i t h   d i s t u r b a n c e  

problem [ 9 ] ,  [IO]. As t h e   s e p a r a t i d n   p r i n c i p l e   h o l d s   f o r   t h i s   p r o b l e m ,  

t h e   c o n t r o l  law c o n s i s t s  of a f i l t e r   i n  cascade  wi th a feedback  cont ro l  

law. 

A. Development of t h e   C o n t r o l  Law 

The d e s i r e d   f l i g h t   p a t h   c o n s i s t s   o f   c a p t u r i n g   t h e   g l i d e s l o p e ,  

f o l l o w i n g   t h e   g l i d e s l o p e  t i l l  f l a r e   a l t i t u d e ,   t h e n   f o l l o w i n g   t h e   f l a r e  

p a t h   t o  touchdown.  This f l i g h t   p a t h   i s   d e s c r i b e d  by equat ions ( 2 0 )  

(23) and (24 )  i n   s t a t e   v a r i a b l e  form. The d i f f e r e n c e  between x  and z 

i s   t h e   e r r o r   i n   t h e   a c t u a  

> - ; = A x + B u + D w  

rea r rang i  ng  terms., 

I f l i g h t   p a t h .  Comb 

- A Z z  - 5 ; 

i = A e + B u + D w + ( A - A Z )  2 - 5 ,  

e = x - z  . 

i rl  i ng equat i o n  ( 6 )  and (201, 

(25)  
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The l a s t   t h r e e   t e r m s   i n   t h e   r i g h t - h a n d - s i d e  of equat ion  (26a)  can 

be  combined  as follows. 

& = A e + B u + D w  
d d  

From e q u a t i o n   ( 2 7 ~ 1 ,  we can  see t h a t   t h e   p r o b l e m   o f   f o l l o w i n g  a 

d e s i r e d   t r a j e c t o r y   c a n   a l s o  be i n te rp re ted   as  a regu la to r   p rob lem  w i th  

d is turbances by c o n s i d e r i n g   t h e   e r r o r   i n   t h e   a c t u a l   t r a j e c t o r y ;   i . e . ,  

t h e   d i f f e r e n c e  between t h e   a c t u a l  and d e s i r e d   t r a j e c t o r i e s .  To use  the  

r e s u l t s   f o r   t h i s  problem,  the  disturbances  must be  expressed i n   s t a t e  

va r iab le   f o rm and t h e   c o s t   f u n c t i o n   e x p r e s s e d   i n   t e r m s   o f   t h e   e r r o r ,   e .  

Thus, combining  the  wind model w i t h   t h e  model f o r   t h e   d e s i r e d   f l i g h t  

path, we g e t  

i = A  d + n  , 
d 

wd = Cd d , 

where 

rw 0 

I 

0 0  

Cd = 0 

, 

11 f 

.I ' 

0 

I 
( 29c 1 



N o t e   t h a t  i f  we l e t  be a gauss ian  whi te   no ise  process,   then 5 

would  be a Brownian  motion  process. Thus, z ( t )  would  be s t a t i s t i c a l l y  

descr ibed  by a spectrum  shaped  by  equation ( 2 0 ) .  Using   th is   approach,  

t h e   d e s i r e d   f l i g h t   p a t h   i s  assumed t o  be a sample   func t ion  (or  a 

r e a l i z a t i o n )  o f  a random p r o c e s s   z ( t )   w i t h  a s p e c i f i e d  power  spectral  

dens i t y .   The   con t ro l  law  would  be  independent o f   t h e   s p e c i f i c  sample 

func t i on ,  and be a p p l i c a b l e   t o  a c l a s s   o f   f l i g h t   p a t h s .  An impor tan t  

advantage of  t h i s  method  over  the  usua I quadra t i c   t rack ing   p rob lem 

( [ I I ]  pp.  219-227) i s   t h e   f a c t   t h a t   t h e   d e s i r e d   f l i g h t   c a n  b e   s p e c i f i e d  

on   f i ne ,   i . e .   t he   des i red   f l i gh t   pa th   can  be a l t e r e d   w i t h o u t   h a v i n g   t o  

make any   mod i f i ca t ions  t o  t h e   c o n t r o l  law. A second   advan tage   o f   t h i s  

method i s   t h a t  a s e t  o f  cons tan t   ga ins   can   be   ob ta ined by s o l v i n g  for  

the   s teady   s ta te   so lu t ion ,   wh ich   wou ld   no t  be p o s s i b l e   i n  a f i n i t e   t i m e  

prob I em. 

S i n c e   t h e   o b j e c t i v e   i s   t o   f o l l o w   t h e   d e s i r e d   f l i g h t   p a t h  z ,  

min im iz ing  a c o s t   f u n c t i o n   w h i c h   i s   q u a d r a t i c   i n   t h e   e r r o r  x - z i s  

app rop r ia te ;  hence, 

S u b s t i t u t i n g   e q u a t  

+f 

ion  (26b)  fo r  t h e   e r r o r   t e r m ,  we o b t a i n  

J = Y E  [e' Q e + u '  R u] d t  , I (31) 
0 

where E i s   t h e   s t a t i s t i c a l   e x p e c t a t i o n   o p e r a t o r .  Now, s i n c e  a d i g i t a l  

c o n t r o l  law i s  d e s i r e d ,   t h e   c o n t r o l   v a r i a b l e s   c a n   v a r y   o n l y   a t   d i s t i n c t  

i n v e r t a l s  of  t i m e  say a t  samp l ing   i n te rva l s  of  T seconds,  thus, 

( 3 2 )  
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Thus, equa t ions   (27~1 ,   (281 ,   (31 )  and ( 3 2 )   t o g e t h e r   w i t h   l i n e a r  

measurements  pose a q u a d r a t i c   r e g u l a t o r   p r o b l e m   w i t h  random dis turbances 

which  has been t r e a t e d   i n  C51, C91. With  equat ion  (321,  equat ion ( 2 7 ~ )  

can be viewed  as a sampled-data  system and can be expressed i n   d i s c r e t e  

form  151 

where 4 i s   t h e   t r a n s i t i o n   m a t r i x   c o r r e s p o n d i n g  t o  A, r i s   t h e  system 

con t ro l   ga in ,  rd  i s   t h e  sys tem  d is tu rbance  ga in  and q i s  a wh i te   no i se  

sequence. The d i s tu rbance   equa t ion   (28 )   can   a l so  be expressed  in  

d i sc re te   f o rm 

k 

d k +  I = $  d k  + n k  ' (34)  

Where bd i s   t h e   t r a n s i t i o n   m a t r i x   c o r r e s p o n d i n g   t o  Ad, and n i s  

a wh i te   no i se  sequence. The c o s t   f u n c t i o n  J can a l s o  be e q u i v a l e n t l y  

expressed in   d isc re te   fo rm  us ing   equat ions   (27)   and  (281,  [SI, t o  

ob ta  i n 

k 

I N A .. 
J 1  = 7 E 1 eIkQek A + u + 2 ( e l k   i d k  + e '  Mu + dfkS] 

k=o k k k  
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I 

N o t e   t h a t   t h e   c o n t i n u o u s  and d i s c r e t e   c o s t   f u n c t i o n s  J and J 1  

d i f f e r  by  a constant   which does n o t  depend on   t he   con t ro l  bk; hence f o r  

min imiza t ion   purposes   the  two cos t   f unc t i ons   a re   equ iva len t ,   i . e . ,   t he  

same c o n t r o l  u min imizes  both J and J1. Thus, t he   con t inuous   op t ima l  

control  problem  can  be  reduced t o  a d i s c r e t e  one; i .e.   minimize J 1  

s u b j e c t  to  t h e   c o n s t r a i n t s   o f   e q u a t i o n s   ( 3 3 )  and ( 3 4 )   w h i l e   t h e   c o n t r o l  

uk  may on ly   use   pas t  measurements.  The s o l u t i o n   t o   t h e   c o n t i n u o u s  

problem  posed  by  equat ions  (27~1, (281, (31)  and ( 3 2 )  as  we l l   as   the  

discrete  problem  posed  by  equat ions (331, (34) and (35) i s  g i v e n  by t h e  

f o I   l o w i n g   c o n t r o l  law [5]. 

k 

n n 

u = - H l k  ek Hzk dk , k (37) 

n n 

Where ek  and dk a r e   t h e   l e a s t  mean-square es t ima tes   o f  e  and  dk 
k 

g iven  past   measurements  respect ive ly ,  and t h e   g a i n s   H l k  and H2 a r e  

de f i ned  by the   equa t ions  
k 

1 n 1 

G l k  = r  P l k  Q, + M , G2k = r Dk + S , (38b) 

n n 1 

D k  = Plk r d  + Pzk Q,d , Rk = R + r ‘ l k  7 

w h i l e  P1 and P2 a r e   g i v e n  by the   non l i nea r   d i f f e rence   equa t ions :  k k 

( 38c 

F o r   t h e   f i n i t e   t i m e   p r o b l e m  where tf and N a r e   f i n i t e ,   t h e   c o n t r o l  

ga ins   va ry   w i th   t ime ;  however ,   under   very   loose  rest r ic t ions [SI, t h e  

gains  converge  to   constant   va lues.   These  cons-kant   ga ins  are  used  in   the 

control   system. I t  shou ld   a l so  be n o t e d   t h a t   t h e   s t e a d y   s t a t e   g a i n s  

21 



r e s u l t   i n  a s tab le  c losed  loop  system. To see t h e   e f f e c t  of  t h e   v a r i o u s  

components, we c a n   w r i t e   t h e   c o n t r o l   a s  

n A 

u = - [He ek + Hw W k  + HZ zk + Hg C k l  . 
k (40)  

From equat ion   (40) ,  we see t h a t   t h e   c o n t r o l  law uses   the   es t imate  .-. 
o f  c u r r e n t   f l i g h t   p a t h   e r r o r  ek t o  r e d u c e   t h i s   e r r o r  t o  zero; i t  f u r t h e r  

uses  wind  est imates W k  t o  prevent  expected  disturbances  due t o  winds 

inc lud ing   shear   w inds ;   the   las t  two te rms  p rov ide   lead   con t ro l  t o  fo l low 

t h e   d e s i r e d   f l i g h t   p a t h .   N o t e   t h a t  z c o n t a i n s   v e l o c i t y   t e r m s   a s   w e l l  

a s   p o s i t i o n .   W h i l e  c k  c o n t a i n s   a c c e l e r a t i o n   i n f o r m a t i o n .  Thus, t h e  

c o n t r o l  law c o n s i s t s  of  a f i l t e r  which  receives  measurements  obtained  by 

t h e  MLS and  on-board  sensors  fol lowed  by  the  feedback  term  given i n  

equat ion   (40) .  A func t iona l   b lock   d iagram of t h e   s y s t e m   i s  shown i n  

F igu re  4. 

B. Development of  F i l t e r  - Equation-s 

,. 

k 

The  measurements of  a i r c r a f t   p o s i t i o n   a r e   o b t a i n e d  from t h e  

Microwave  Landing  System (MLS) [Z], wh ich   p rov ides   az imuth ,   e leva t ion  

and  range t o   t h e   a i r c r a f t   a t   d i s c r e t e   i n t e r v a l s  of  t ime ;   t he   o the r  

a i r c r a f t   v a r i a b l e s  measured  by  on-board  sensors  include  pitch,  pitch 

ra te ,   ba romet r i c   a l t i t ude ,   ba romet r i c   s ink   ra te ,   ca l i b ra ted   a i r speed ,  

and  body  mounted  accelerometer  data. I n t e r m s   o f   t h e   a i   r c r a f t  

v a r i a b l e s   d e f i n e d  so f a r   i n   t h i s   s t u d y ,   t h e  measurements  were  expressed 

as   fo l lows.  

2 
y3=  [(uo x5 + x - x ) + (uo X 6  + z - za)211’z + v 3  

o a  0 
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Y g  = Uo [G2 + ( I  + x 2 )   x 4 t a n X 3   + x g s i n   x 3  - x 4   s i n  xl] + Vg ( 4 1 i )  

where  x. i s   t h e  i th component o f   t h e   a i r c r a f t   s t a t e   v e c t o r  x de f i ned  by 

equat ion   (6a) ,  x and z a r e   t h e   c u r r e n t  4D c o o r d i n a t e s   o f   t h e   d e s i r e d  

g l i des lope ,  z i s   t h e   v e r t i c a l   c o o r d i n a t e   o f   t h e   e l e v a t i o n   a n t e n n a  

phase  center, x and  za a re   t he   coo rd ina tes   o f   t he   az imu th   an tenna  

phase  center   in   the   ear th - f i xed   coord ina te   sys tem and V .  i s   t h e   n o i s e  

in t roduced by t h e  i th sensor. The ea r th - f   i xed   coo rd  i nate  system i s  

r e f e r e n c e d   t o   t h e   p o i n t  where a pe rpend icu la r   f rom  the   e leva t i on   an tenna  

phase cen te r   c rosses   t he  runway c e n t e r l i n e .  The e x p r e s s i o n s   f o r   t h e  

a c c e l e r a t i o n s   a l o n g  z and xs, Y 7  and Yg r e s p e c t i v e l y ,  were obta ined by 

d i f f e r e n t i a t i n g   t h e   c o r r e s p o n d i n g   v e l o c i t i e s   i n   t h e   e a r t h - f i x e d  

coo rd ina tes  and t rans fo rm ing  them  back t o   t h e   s t a b i l i t y  axes. The 

s l a n t  range, Y3,  and t h e   e l e v a t i o n ,  Y4, were   ob ta ined  fo r  a p lana r  MLS. 

The va lues   f o r   t he   s tandard   dev ia t i ons   o f   t he   senso r   no i ses  were  chosen 

t o  r e f l e c t   c u r r e n t   i n s t r u m e n t a t i o n   s t a n d a r d s  [IZ], 1131; the   va lues  

a r e   g i v e n   i n   T a b l e  I .  The measurements g i ven  by equa t ion   (41 )   a re  

I 

0 0 

e 

a 

I 

S 

then 

obta 

processed by a n o n - l i n e a r   t r a n s f o r m a t i o n   g i v e n  by equat 

i n   f l i g h t   p a t h   e r r o r   s i g n a l s   w h i c h   a r e   f e d   i n t o  a f i l t e r  

y1 = Y1 - Oo - z1 = el + V 1  

y2  = Y2 - 24 = e4 + V2 

y 3 = "  
uo e I ( r  cos ~4 + xo) - 2 5  = e5 + v3 

i o n   ( 4 2 )   t o  

( 42c 1 

23 

I 



y 4 = - u  ' ( r  e s i n  y4 - z e + z o )  - 2 6  = e6 + v4 
0 

y5 = ( z o  - Y5) - 26  = e6 + v5 I 

0 

y7 = - E: (Bu + Az) = E: (Ae + DCwW) + v7 
"0 

yg = 2 - E; Az = E; (Ae + DCwW) + vg 
0 

where 

hea 
rl = tan- '  __ 

a 

X 
a L = -  

X- ' e cos rl ' 

( 4 2 i  1 

(43b) 

hea i s   t h e   h e i g h t   o f   t h e   e l e v a t i o n   a n t e n n a   a b o v e   t h e   a z i m u t h   a n t e n n a ,  

r i s   t h e   r a n g e   o f   t h e   a i r c r a f t   f r o m   t h e   e l e v a t i o n   a n t e n n a ,  E .  i s   t h e  

jth column o f   t h e   i d e n t i t y   m a t r i x ,  and v i s  a pseudo  no ise  represent ing 

t h e   a d d i t i v e   n o i s e   i n   t h e  measurement y Thus, we see  f rom  equat ion 

( 4 2 )   t h a t  y can be expressed i n   t e r m s  o f  t h e   e r r o r   v e c t o r  e and the wind 

components W. 

e J 

.i 
j '  

yk = y (kT)  = C 1  ek + C2 W k  + v K '  (44)  

where C 1  and C2  correspond t o   t h e   c o e f f i c i e n t s   o f  e and W i n   t h e   r i g h t -  

hand-s ide   te rms  in   equat ion   (42) .  Thus, yk i s  a measurement v e c t o r  

which  can  be  expressed  as a l i n e a r   c o m b i n a t i o n   o f  e and W. Now, 

r e w r i t i n g   ( 2 6 a )  and  (121, 
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= Ae + DC W + Bu + ( A  - A,)z - 5 , 
W 

i = A w W + B w E  , 

(45a 1 

(45b) 

i t  i s  seen t h a t   t h e   f l i g h t   p a t h   e r r o r ,  e, and the   w ind  components, W, 

can  be  est imated  using a  Kalman f i l t e r .   S i n c e   t h e   d e s i r e d   f l i g h t   p a t h  

i s  known z and 5 are   no t   es t ima ted   bu t   used  as known parameters. 

T rea t i ng   t he   p rob lem  as  shown i n  [5], and u s i n g   t h e   c o n s t a n t  Kalman-Bucy 

gains,  we o b t a i n  

n A n n .. 
e = ,$ ek + r W + r u k  + r z  zk - c k  + F1 ( y k  - Clek - C2Wk) (46a) k+ I w k  

n n n n 

n n 

where  ek  and W a r e   f i l t e r e d   e s t i m a t e s   o f  ek  and Wk r e s p e c t i v e l y   g i v e n  

pas t   va lues   o f  y Thus, t h e   f i l t e r   p r o v i d e s   t h e   e s t i m a t e s   o f   f l i g h t  

pa th   e r ro r ,  ek,  and wind  est imates, Wk, wh i ch   a long   w i th   t he   des i red  

f I ight   path  parameters,  zk and ck, a r e   f e d   i n t o   t h e   c o n t r o l   g a i n  

e q u a t i o n   ( 4 0 )   t o   o b t a i n   t h e   c o n t r o l  commands, u A b lock  d iagram o f  

t h e   f i l t e r   i s  shown i n   F i g u r e  5 .  A b lock   d iag ram  o f   t he   con t ro l  law 

c o m p r i s i n g   t h e   f i l t e r  and  feedback i s  shown i n   F i g u r e  6. 

k 

k '  A 

k '  
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V. RESULTS 

To eva lua te   the   per fo rmance and c a p a b i l i t i e s  o f  t h e   c o n t r o l  law 

and f i l t e r  developed i n   p r e v i o u s   s e c t i o n s   f o r  a CTOL a i r c r a f t ,  a 

d i g i t a l   s i m u l a t i o n  of  a Boeing 737 a i r c r a f t  was developed. The f l i g h t  

pa th   cons idered  cons is ted   o f   cap tur ing  a s t e e p   g l i d e s l o p e  (6O)  from 

l e v e l   f l i g h t   a t  120 k n o t s ,   f o l l o w i n g   t h e   g l i d e s l o p e   t o   f l a r e   a l t i t u d e  

and p e r f o r m i n g   f l a r e   u n t i l  touchdown w i t h  a nominal   touchdown  s ink  rate 

o f  2 f t / s e c .  Thus, i n i t i a l l y   t h e   a i r c r a f t   i s   i n  a t r im  c o n d i t i o n   f o r   l e v e l  

f l i g h t   a t  120 k n o t s   a t  an a l t i t u d e   o f  3,153 ft., a l i g n e d   w i t h   t h e  runway, 

a t  a r a n g e   o f  30,000 f t .  ( I  k n o t  = 0.5144  m/sec; I ft. = 0.3048 m ) .  

The s i m u l a t i o n   i n c l u d e s   t h e   a i r c r a f t  dynamics,  wind  gusts,  steady 

winds,  wind  shear, f i l t e r ,   c o n t r o l  law,  and  measurement generat ion,  

The a i r c r a f t  dynamics  were  s imulated  us ing  the  per turbat ion model 

developed i n   S e c t i o n  I I  us ing   t he   ae rodynamic   cha rac te r i s t i cs   o f  a 

b e i n g  737 a i r c r a f t .  The  wind condi t ions  were  generated  us ing a  random 

g u s t  model w i t h   t h e   D r y d e n   s p e c t r a   ( i n c l u d i n g   t h e   e f f e c t s   o f   g u s t s   o n  

a i r c r a f t   a t t i t u d e   r a t e s ) ,   s t e a d y   w i n d s ,  and  wind  shear  using  the  wind 

model developed i n   S e c t i o n  I I .  From t h e   s i m u l a t e d   a i r c r a f t   p o s i t i o n ,  

v e l o c i t y ,   a t t i t u d e  and a i t i t u d e   r a t e s   t h e  on-board  measurements  were 

ob ta ined  us ing   the  measurement  model g i v e n  by equat ion   (41)   w i th  

a d d i t i v e   o r   m u l t i p l i c a t i v e   s e n s o r   e r r o r s   a c c o r d i n g   t o   t h e   s e n s o r .  The 

measurements  used c o n s i s t   o f  MLS d a t a   a t  a r a t e   o f  IO samples  per 

second, a i r s p e e d ,   b a r o m e t r i c   a l t i t u d e  and s i n k   r a t e ,   a t t i t u d e ,   a f t i t u d e  

r a t e s  and  body-mounted accelerometer  data.  These measurements a r e  

processed  by a nonl inear   preprocessor  and then  a l i n e a r   f i l t e r   w i t h  

c o n s t a n t   c o e f f i c i e n t s  as shown i n   e q u a t i o n s  (42)  and  (46)   respect ive ly .  

The f i I t e r   o u t p u t s   t h e   . e s t i m a t e s   o f  f I i g h t   p a t h   e r r o r s  and w i  nd 

v e l o c i t i e s ,   w h i c h   a r e   i n p u t   t o   t h e   c o n t r o l   g a i n  box  which  generates 

e l e v a t o r   p o s i t i o n ,   s t a b i l i z e r   r a t e ,  and t h r o t t l e   r a t e  commands which 

a r e  used i n   c o n t r o l l i n g   t h e   a i r c r a f t  and t o   s i m u l a t e   t h e   n e x t   p o i n t .  

Thus, t he   t o ta l   c l osed - loop   sys tem  i s   s imu la ted .  

The s imulat ion  developed has t h e   c a p a b i l i t y   o f   g e n e r a t i n g   v a r i o u s  

wind  condi t ions,  by a d j u s t i n g   t h e   g u s t   l e v e l s ,   t h e   s t e a d y   w i n d   v e l o c i t y  
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and t h e   r a t e   o f  change o f   w ind   ve loc i t i es   f o r   w ind   shear   genera t i on .  

Sensor   no ise  leve ls   are  a lso  input   parameters  which  can be a l t e r e d .  

L o g i c   i s   i n c l u d e d   i n   t h e   f i l t e r   t o  accommodate MLS dropouts  accompanied 

by MLS f l a g s .  The s t a r t  and s top   t imes  o f   such  d ropouts   a re  a l s o  

input  parameters.   Dur ing a MLS dropout ,   the f i I t e r  goes i n t o  a mode 

where p o s i t i o n   i s   u p d a t e d   w i t h o u t   u s i n g  MLS d a t a   w h i l e   o t h e r   d a t a   i s  

s t i l l  used.  Furthermore, i n i t i a l   f l i g h t   p a t h   e r r o r s   a t   t h e   s t a r t   o f  

g l i d e s l o p e   c a p t u r e  and t h e   s a m p l i n g   r a t e   a r e   a l s o   i n p u t   p a r a m e t e r s  

that  can-be  changed t o   s i m u l a t e   t h e   c l o s e d   l o o p   r e s p o n s e   t o   d i f f e r e n t  

c o n d i t i o n s .  

S i m u l a t i o n   r u n s   o f  f l  i g h t s   s t a r t i n g   a t   g l   i d e s l o p e   c a p t u r e  and 

ending a t  touchdown  were made under   var ious   cond i t ions ;   these  a re  shown 

i n   F i g u r e s  7-13. To  compare t h e   e f f e c t s   o f   v a r i o u s   w i n d   c o n d i t i o n s ,  

sensor   e r ro rs ,  and MLS dropouts, a r u n   w i t h   t h e   i d e a l   c o n d i t i o n s   o f  no 

measurement no i se  and  no winds was  made; t h i s   i s  shown i n   F i g u r e  7. The 

a i r c r a f t   m o t i o n   f o r   t h i s   c a s e   i s  smooth; a t   g l i d e s l o p e   c a p t u r e   t h e   a i r -  

c r a f t   p i t c h e s  down and increases i t s   s i n k   r a t e   t o   a c q u i r e   t h e  6 O  

g l i d e s l o p e .  The f l i g h t   p a t h   e r r o r s   s e t t l e   t o   z e r o   f o l l o w i n g   t h e   g l i d e -  

s lope ,   wh ich   t he   con t ro l   su r faces  and t h r u s t   s e t t l e   t o   t h e i r   s t e a d y  

v a l u e s   f o r  a 6 O  g l i d e s l o p e .  The f l i g h t   p a t h   e r r o r s   s e t t l e   t o   z e r o  

f o l l o w i n g   t h e   g l i d e s l o p e ,   w h i l e   t h e   c o n t r o l   s u r f a c e s  and t h r u s t   s e t t l e  

t o   t h e i r   s t e a d y   v a l u e s   f o r  a 6 O  g l i d e s l o p e   p u t t i n g   t h e   a i r c r a f t   i n t o  a 

trim c o n d i t i o n   f o r   t h e   g l i d e s l o p e .  A t  f l a r e   t h e   a i r c r a f t   p i t c h e s  up, 

reduces i t s   s i n k   r a t e  and  reduces i t s   f o r w a r d  speed s I i g h t l y  as com- 

manded by  th.e d e s i r e d   f l i g h t   p a t h .  To avo id  a h i g h   s i n k   r a t e   ( a s  

requ i red   by  a s t e e p   g l i d e s l o p e )   a t  low a l t i t u d e s ,   t h e   f l a r e   a l t i t u d e  

was s e t   a t  200 f t . a l t h o u g h   f l a r e   i n i t i a t i o n   a t   l o w e r   a l t i t u d e s   p r o v i d e s  

acceptable f I igh t   pa th   per fo rmance and  touchdown  condit ions; it i s  

e x p e c t e d   t h a t   t h i s   p r o v i d e s  a s u f f i c i e n t   p e r i o d   o f   t i m e  and  enough 

a l t i t u d e   f o r   t h e   p i l o t   t o   r e a c t  and take   over   shou ld  a f a i l u r e   t o  

engage t h e   f l a r e  rqode occur;  however, a h i g h e r   f l a r e   a l t i t u d e   c a n  

eas i  l y  be  obta ined by c h a n g i n g   t h e   d e s i r e d   f l i g h t   p a t h   p a r a m e t e r s .  I t  

s h o u l d   a l s o   b e   n o t e d   t h a t   e n g a g i n g   f l a r e   a t  200 f t .  a l l o w s  a more 

gradual  and  smooth f l a r e  maneuver f o r  passenger   comfor t   than a lower 
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f l a r e   a l t i t u d e  w o u l d   a l l o w .   N o t e   t h a t   d u r i n g   f l a r e   t h r u s t   i s   g r a d u a l l y  

increased, so t h a t  a h i g h e r   e n g i n e   p r e s s u r e   r a t i o   i s   o b t a i n e d   a t   l o w e r  

a l t i t u d e s .  

The f l i g h t   p a t h   f o l l o w e d   u n d e r  no  wind  and  no  measurement e r r o r s  

shown i n   F i g u r e  7, i s   c o n s i d e r e d   t o   b e   t h e   n o m i n a l   f l i g h t   p a t h   a s   t h i s  

is   the  response  o f   the  c losed  loop  system  under  no d is turbances.  Thus, 

the  nominal   touchdown  point  i s  1646 f t .  p a s t   t h e  runway t h r e s h o l d   a t  a 

s i n k   r a t e   o f  1.93 f t / s e c .  Thus,  touchdown  under  various  wind  condit ions 

i s  compared to   these  nominal   va lues.  However, t h e  4D h o r i z o n t a l  and 

v e r t i c a l   e r r o r s   p l o t t e d   i n   F i g u r e s  7 t o  13, a r e   d e v i a t i o n s   f r o m   t h e  

des i red  f I i g h t   p a t h   r a t h e r   t h a n   t h e  nomina I f I i g h t   p a t h  shown i n  

F igu re  7. The case  w i th  no w inds   bu t   w i th  measurement no ise   p resent  

i s  shown i n   F i g u r e  8, where the   p resence   o f   no i se   i s  seen t o  cause 

s m a l l   d e v i a t i o n s   i n   t h e   p i t c h   a x i s .   F i g u r e  9 shows the   c losed  loop  

response t o  a steady t a i l  wind o f  8 f t / s e c .  and average  gus t   cond i t ions  

(5, = 2 f t / sec . ,  = I f t / s e c . ) .   I t   i s  seen t h a t   t h e   w i n d   v e l o c i t y  

e s t i m a t e s   f o l l o w   t h e   a c t u a l   w i n d   v e l o c i t i e s ;   p a r t i c u l a r l y ,   t h e   t o t a l  

wind v e l o c i t y  has l i t t l e   e r r o r .   W i t h   t h e   s t e a d y   w i n d   p r e s e n t ,   t h e  

c o n t r o l   s y s t e m   r e t r i m s   t h e   a i r c r a f t  to  f o l l o w   t h e   d e s i r e d   f l i g h t   p a t h  

as   can   be   seen  f rom  the   p i tch   a t t i tude .  

5, 

To see the   c losed  loop   response  to  a wind  shear  condit ion,  under 

average  gus t   cond i t ions  and e r r o r s   i n   t h e   i n i t i a l   e s t i m a t e s ,  a wind 

shear   cond i t i on  where a t a i l  w ind   o f  8 f t / sec .   (abou t  5 kno ts )  

changes l i n e a r l y   i n t o  a 16 f t / sec .   (abou t  IO kno ts )  head wind  from 

500 f t .  a l t i t u d e   t o  200 f t .  was g e n e r a t e d ;   t h i s   c o n d i t i o n   i s  shown i n  

F igu re  IO. I t   i s  i m p o r t a n t   t o   n o t e   t h a t ,   f o r   s t e e p   g l i d e s l o p e s ,   t h e  

e f f e c t   o f  w i n d   s h e a r   o n   t h e   f l i g h t   p a t h   a c c u r a c y   i s   l a r g e r   t h a n   f o r  

sha l l ow   g l i des lopes .   Th i s   i s  due t o  t h e   d i f f e r e n c e   i n   s i n k   r a t e   a t  

cons tan t  speed;  a s t e e p   g l i d e s l o p e   r e s u l t s   i n  a h i g h e r   s i n k   r a t e ,  so 

t h a t   t h e   a i r c r a f t  goes from 500 f t .  a l t i t u d e   t o  200 f t .  i n  a s h o r t e r  

pe r iod  of t ime, and t h e  same change o f  w i n d   v e l o c i t y   o c c u r s   i n  a 

s h o r t e r   p e r i o d  of  t ime.  Thus, a s   f a r   a s   c o n t r o l l i n g   t h e   a i r c r a f t   i n  

wind  shear i s  concerned, a 5 knot  per  hundred  feet   wind  shear  on a 
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6 O  g l i d e s l o p e   h a s   s i m i l a r   e f f e c t s   a s   a n   a p p r o x i m a t e l y  I O  kno t   per  

hundred  fGet  wind  shear  on a 3 O  g l i d e s l o p e .  As can be  seen from 

F igu re  10, the  wind-   est imates  fo l low  the  changing  wind,  and t h e   c o n t r o l  

law u s i n g   t h i s   i n f o r m a t i o n  keeps t h e   f l i g h t   p a t h   e r r o r s  low; i n   f a c t  

i t  i s   d i f f i c u l t   t o   n o t i c e   t h a t   a , s h e a r   c o n d i t i o n   i s   p r e s e n t  by l o o k i  

o n l y   a t   t h e  4D h o r i z o n t a l   a n d   v e r t i c a l   e r r o r s ;  however, c o n t r o l   a c t i ,  

and  changes i n   t h e   a t t i t u d e   p o i n t   o u t   t h e   s h e a r   c o n d i t i o n .  I t   i s   a l  

i n t e r e s t i n g   t o   n o t e   t h a t   a t   t h e   s t a r t   o f   t h e   w i n d   s h e a r ,   t h e   f i l t e r  

ng 
on 

so 

a t t r i b u t e s  most o f   t h e  change i n  wind v e l o c i t y   t o   f a s t   c h a n g i n g   g u s t s ,  

b u t   a s   t h e   w i n d   v e l o c i t y   p e r s i s t s   i n   t h e  change, the  wind  shear 

e s t i m a t e   f o l l o w s   t h e  change.  The t o t a l   w i n d   i n   t h e   f o r w a r d   d i r e c t i o n ,  

however, i s   e s t i m a t e d  more 

i t s  components,  and  has no 

b e   d i s p l a y e d   t o   t h e   p i l o t  

changing  winds. 

To see t h e   e f f e c t s   o f  

accu ra te  I y on  an i nstantaneous  basis  than 

no t iceab le   lag ;   thus ,   th is   in fo rmat ion   can  

i n   r e a l   t i m e   t o   p r o v i d e   q u i c k   w a r n i n g   o f  

an MLS d ropou t   cond i t i on ,  a IO second 

d ropou t   cond i t i on   cha rac te r i zed  by  bad f l a g s   o u t p u t  by the  on-board MLS 

r e c e i v e r  was s i m u l a t e d ;   t h i s   c a s e   i s  shown i n   F i g u r e  I I .  Thus, from 

30 sec. t o  40 s e c .   t h e   f i l t e r   o p e r a t e s   i n  a mode which  does not  use 

MLS data  but   updates  pos i t ion  est imates  us ing  the  o ther   sensor   data 

such  as  body-mounted  accelerometer  and a i r  data.  The w ind   cond i t ions  

c o r r e s p o n d   t o . a   t a i l   w i n d   o f  8 f t / s e c .  and average  gus t   leve ls .  I t   i s  

seen f r o m   t h e   p l o t s   t h a t   t h e   f i l t e r   c a n   u p d a t e   p o s i t i o n   w i t h o u t  

s i g n i f i c a n t   f l i g h t   p a t h   e r r o r   f o r  a IO second  per iod  dur ing an MLS 

fade.   F igures 12 and 13 show the  cases where t h e   g u s t   l e v e l s   a r e  

h i g h  (5, = 4 f t / sec . ,  5, = 2 f t / s e c . )   w i t h  a t a i l  w ind,   wi th  and w i t h o u t  

a wind  shear   condi t ion.   Table 2 shows t h e  touchdown c o n d i t i o n  for t h e  

var ious   runs .  
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V 1 . SUMMARY AND CONCLUS IONS 

In   t he   p receed ing   sec t i ons ,  a d i g i t a l   a u t o m a t i c   l o n g i t u d i n a l  

c o n t r o l  law f o r   s t e e p   g l i d e s l o p e   c a p t u r e ,   f l a r e   t o   t o u c h d o w n  was 

developed  using  guidance  data  from  the  Microwave  Landing  System. The 

system  uses MLS data, body-mounted accelerometer  data,  a i r  data, 

a t t i t u d e  and a t t i t u d e   r a t e   d a t a   t o  compute t h e   c o n t r o l   s u r f a c e  commands 

fo r   au tomat i c   l and ing .  The c o n t r o l  law i s  developed t o  accommodate 

tu rbu lence  and wind  shear whose e f f e c t   i s   m a g n i f i e d   f o r   s t e e p   g l i d e s l o p e s .  

The f i l t e r  used f i l t e r s   o u t   t h e   n o i s e   i n   t h e   r e c e i v e d   d a t a  and  computes 

e s t i m a t e s   o f   t h e   w i n d   v e l o c i t i e s   w h i c h   a r e   u s e d   t o   g e n e r a t e   c o n f r o l  

commands under   t he   es t ima ted   w ind   cond i t i ons   t o   f o l l ow   the   des i red  

f I i g h t   p a t h .  

A d i g i t a l   s i m u l a t i o n   o f   t h e   a i r c r a f t  and t h e   c o n t r o l  law was 

developed f o r  use i n  a p a r t i a l   e v a l u a t i o n   o f   t h e   s y s t e m   d e v e l o p e d .  

The s i m u l a t i o n   i n c l u d e s   t h e   l o n g i t u d i n a l   a i r c r a f t   d y n a m i c s   f o r  a 6' 

g l ides lope,   w ind   cond i t ions   in   te rms  o f   gus ts ,   s teady   w inds  and  wind 

shear,   sensor  outputs  wi th  noise,  f i I t e r  and c o n t r o l   l e r .  As a p a r t i a  I 

eva lua t i on   o f   t he   pe r fo rmance   o f   t he   sys tem a l i m i t e d  number o f   r u n s   t o  

s imu la te   va r ious   cond i t i ons   were  made. The f l i g h t   p a t h   t r a c k i n g   p e r -  

formance  evaluated by f l i g h t   p a t h   e r r o r s  show on ly   smal l   dev ia t ions   on  

t h e   g l i d e s l o p e  and qu ick   response   i n   cap tu r ing   t he   s teep   g l i des lope ;  

t h e  touchdown  condi t ions show no excess i ve   s ink   ra tes   co r respond ing   t o  

"hard"  landings, and  no excessive  touchdown  dispersion. The wind 

est imates computed by t h e   f i l t e r   f o l l o w   t h e  w i n d   v e l o c i t i e s  and  changes 

i n   t h e   w i n d   v e l o c i t i e s ;   w i n d   s h e a r   c o n d i t i o n s   a r e   d e t e c t e d   t h r o u g h  

l a r g e  and l a s t i n g  changes i n   t h e   w i n d   v e l o c i t y   e s t i m a t e s .  Thus, t h e  

s imu la t i on   resu l t s   i nd i ca t -e   t ha t   t he   t echn iques   p resen ted   can  be used 

to   per form  automat ic   s teep  approaches  wi th  MLS guidance.  For a more 

comple te   eva lua t ion  of t h e  system  developed,  use o f  non l i n e a r   a i r c r a f t  

dynamics  coupled  wi th a l a t e r a l   c o n t r o l  law f o r   c r a b  and decrab 

maneuvers  would  be requ i red .  
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‘l’aL)le 1 Standad  Deviation Values for t h e  
Simulation of Sensor Noises 

Iy, .1oo/sK! addi t ive  

1 f t .  addi t ive  

. (1310 addi t ive  

25 f t .  a d d i t i v e  

Y6 

y7 

mult ip i ica t ive  5 %  

addi t ive  .005 g 

2 %  

.005 g addi t ive  

I f t .  = 0.3048 m. 



Tab le  2 Touchdown Cond i t ions  

F ig .  No. 
and  Wind 
Cond i t i ons  

1 '  
No  rneas, 
Noise, No 
Winds 

8 

No Winds 

Tai I Wind 
Average  Gust 

I I O  

Wind Shear 
Average  Gust 

I I  

Wind Shear 
Average  Gust 
(MLS Dropout 
on   G l ides lope 

I 

12 

Tai I Wind 
High  Gust 

L" 

13 

Wind Shear 
High  Gust 

Touchdown p t .  
(ft.1 

Sink  Rate 
( f t / s e c .  1 

I503 I 2 m 2 8  

I607 I .27 

2284 I .60 

Ground Speed 
( f t / sec .  1 

199.2 

199.2 

199.3 

199.2 

199.2 

199.5 

199.2 

I f t .  = 0.3048 m. 
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APPEND I X 

The a i r c r a f t   e q u a t i o n s   o f   m o t i o n   w h i c h   a r e  used i n   t h e   s i m u l a t i o n  

and f o r   t h e   d e v e l o p m e n t   o f   t h e   f i l t e r  and c o n t r o l  law  were  developed 

i n   S e c t i o n  1 1 .  The f i n a l   f o r m   o f   t h e   c o n t i n u o u s   e q u a t i o n s   a s   g i v e n   i n  

equat ion   (6c)   i s   repeated   here   fo r   conven ience.  

. 
x = AX + Bu + Dw 

The f o r m   o f   t h e   m a t r i c e s  A ,  B and D a r e   a l s o   g i v e n   i n   S e c t i o n  I I .  

I n   t h i s  appendix, we s h a l l   g i v e   t h e   e x p r e s s i o n s  fo r  the  non-zero 

elements of t h e s e   m a t r i c e s   i n   t e r m s   o f   t h e   a i r c r a f t   s t a b i l i t y   d e r i v a -  

t i v e s ,   t h e   s t a b i l i t y   d e r i v a t i v e s   a r e  assumed t o  be i n   t h e   s t a b i l i t y  

a x i s .  

mg cos 0 
0 

al = - 
q0 s 

? 

mUO 

io s 
a3 = - , 

where S i s   t he   w ing   a rea ,  c t h e  mean aerodynamics  chord and p i s   t h e  

a i r   dens i ty .   Us ing   these  var iab les ,   the   mat r ix   e lements   a re   g iven   be low.  
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” 

a31 = “ 2 ~ 4  , a32 = - a4 (CLu + 2CL0) , a33 = - 
O4 (‘La + Do c ) 9  

a77 - - - . 5  , = .298; 

Thus, g i v e n   t h e   s t a b i  I i t y   d e r i v a t i v e s  o f  t h e   a i r c r a f t ,   t h e  A ,  6 

and D matrices  can  be  computed. 

NASA-Langley, 1977 CR-2834 

I 
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